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Abstract: Ground-Based SAR (GBSAR) data acquisition in discontinuous mode can be useful for monitoring
events whereby deformations become significant over relatively long periods. However, repositioning errors
often occur in repeated campaigns and cause inaccuracies in discontinuous GBSAR deformation monitoring.
This study firstly investigates the characteristics and quantifies the effects of repositioning errors. Three effects
are identified: image shifts, geometric phase ramps, and topographic phase errors. The remainder of this paper
then focuses on the modelling and removal of these effects. Images are automatically co-registered through
amplitude-based feature matching with a sub-pixel co-registration precision. Whereas traditionally the
geometric and topographic phase errors are simply considered as low-frequency signals and removed by
filtering, this study presents accurate models for removing these errors. The geometric phase ramps are
removed by recovering a 2nd-order polynomial function of the range and azimuth image coordinates. A linear
model is introduced to correct the topographic effect without knowing the spatial baseline between different
campaigns. Finally, a new combined approach is proposed by merging the geometric and topographic
correction models together with a rigorous atmospheric correction model. A new interferometric processing
chain is thereby developed on the basis of the proposed combined model for discontinuous Multi-Campaign
GBSAR (MC-GBSAR) deformation monitoring. The feasibility of this chain is demonstrated through its
application to both synthetic and real-world GBSAR data comprising both moderate and considerable
repositioning errors.
Keywords: Ground-Based SAR (GBSAR); interferometry; multi-campaign; repositioning errors; correction;
deformation monitoring

1. Introduction
In practice, Ground-Based Synthetic Aperture Radar (GBSAR) data acquisition can be performed either
in a continuous or discontinuous mode, depending on the rate of change in any particular case study, or the
environment for instrument deployment (e.g. Caduff et al., 2015a; Crosetto et al., 2014a; Crosetto et al., 2017;
Monserrat et al., 2014). Continuous mode is more commonly deployed and several continuous GBSAR
processing chains have been realised and reported (e.g. Caduff et al., 2015b; Iglesias et al., 2015a;
Roedelsperger et al., 2009). The discontinuous mode of operation with repeated observation campaigns is
especially useful for monitoring an event whereby the deformation only becomes significant over a relatively
long period and therefore the deployment of continuous GBSAR cannot be easily achieved ( e.g. Caduff et al.,
2015a; Crosetto et al., 2017; Monserrat et al., 2014). This study focuses on discontinuous GBSAR deformation
monitoring, comprising the monitoring of surface deformation between two or more campaigns.
In discontinuous mode, an instrument is typically installed over the same monitoring station at each
campaign, but repositioning errors may occur due to the lack of forced centring and /or instability of the
monitoring station, which can lead to decorrelation and inaccuracies in GBSAR interferometric observations
(e.g. Barla et al., 2017; Caduff et al., 2015a; Crosetto et al., 2014a; Luzi et al., 2004; Monserrat et al., 2014).
However, the effects of repositioning errors on GBSAR interferometry has not previously been rigorously
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investigated. Instead it has usually been considered simply as a low-frequency signal that is removed by
filtering (Crosetto et al., 2014a). Therefore, this study aims to accurately model and correct the effects of
repositioning errors between different GBSAR campaigns conducted for the purposes of interferometric
measurement.
To illustrate the effects of repositioning errors, this paper commences with a brief simulation of
repositioning errors in GBSAR operations. In three-dimensional (3D) object space, a GBSAR system
(including radar sensor and rail) can be considered as a rigid body. Repositioning errors of the radar instrument
can be expressed as a set of rigid transformation parameters (Challis, 1995). As illustrated in Figure 1, a
GBSAR system is moved from the initial position 𝑠 to another position 𝑠’ with a 3D rotation, including a yaw
angle (denoted as 𝜔, around the 𝑥 axis), a roll angle (denoted as 𝜙, around the 𝑦 axis), and a pitch angle
(denoted as 𝜅, around the 𝑧 axis). The position and orientation of the radar before repositioning can be
expressed by the sensor-centred coordinate system 𝑠 − 𝑥𝑦𝑧, where 𝑥 is parallel to the GBSAR rail, 𝑦 is the
look direction, and 𝑧 is perpendicular to the 𝑥 − 𝑦 plane. After repositioning, the transition coordinate system
becomes 𝑠’ − 𝑥’𝑦’𝑧’. The geometric transformation between the two coordinate systems before and after
repositioning can be expressed as:
𝑡𝑥
𝑥
𝑥′
𝑡
[𝑦′] = 𝐑 [𝑦] + [ 𝑦 ],
𝑡𝑧
𝑧
𝑧′

(1)

where [𝑡𝑥 𝑡𝑦 𝑡𝑧 ] is the translation vector from 𝑠 to 𝑠’; R is the appropriately derived 3 x 3 rotation matrix of
(𝜙, 𝜔, 𝜅) (Ardakani and Bridges, 2010).

Figure 1. The geometries of GBSAR before and after repositioning.

Due to repositioning errors, GBSAR images before and after repositioning can be shifted as well as rotated.
An additional phase component is introduced as the range between the radar and the target changes with the
radar position and orientation, as illustrated in Figure 1. Hence, the additional phase component due to
repositioning errors can be termed as repositioning phase error, and is denoted as 𝜑𝑟𝑒𝑝𝑜𝑠 in this study.
To quantify these effects, GBSAR observations were simulated for a dome-shaped topography with
additionally induced repositioning errors of considerable magnitude (𝜙 = 𝜔 = 𝜅 = 1° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 =
0.1 𝑚) (Figure 2(a)). The shadow zone was masked out in the simulation. A typical GBSAR configuration
(i.e. a Ku-band wavelength of 17.4 mm, and a spatial resolution of 0.75 m in range and 5 mrad in azimuth)
was used in the simulation. It appeared that the additional phase component caused by the repositioning errors
in GBSAR (Figure 2(b)) resembled the orbital ramps in spaceborne SAR interferometry (InSAR) (Shirzaei
and Walter, 2011). In addition, the determined azimuth offsets were larger than the range offsets (Figure 2(c)
and Figure 2(d)).
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Figure 2: Simulation of GBSAR repositioning errors: (𝜙 = 𝜔 = 𝜅 = 1° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 = 0.1 𝑚). (a) Topography;
(b) Repositioning phase errors; (c) Azimuth offsets; (d) Range offsets.

In GBSAR deformation monitoring, it is optimal to install the radar equipment on a stable and
reproducible monitoring station for data collection (e.g. Bardi et al., 2016; Barla et al., 2017; Del Ventisette et
al., 2011; Iglesias et al., 2015a; Montuori et al., 2016). The majority of previous GBSAR studies (e.g. Barla et
al., 2017; Casagli et al., 2010; de Macedo et al., 2017; Frukacz and Wieser, 2017; Lowry et al., 2013; Tarchi
et al., 2005) managed to obtain a zero-baseline geometry in repeated campaigns by means of precise
mechanical positioning systems. However, repositioning errors are present in many practical cases, where the
monitoring station is unstable or a precise mechanical positioning device cannot be deployed (Crosetto et al.,
2014a). In this study, a steady concrete base was placed at a stable area. Simple marks were engraved onto the
top surface of the concrete base to aid in positioning and orientating the instrument rail. According to practical
experience, the repositioning errors can be easily controlled within a moderate tolerance (i.e. |𝑡𝑥 | <
5 𝑚𝑚, |𝑡𝑦 | < 5 𝑚𝑚, |𝑡𝑧 | < 5 𝑚𝑚, |𝜑| < 0.3° , |𝜔| < 0.3° , |𝜅| < 0.3° ). Here, as the rail is approximately 2 m
long, a tolerance of 5 mm corresponds to a rotation angle of 0.3° . Thus, another simulation was generated with
an example set of moderate repositioning errors: (𝜙 = 𝜔 = 𝜅 = 0.3° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 = 5 𝑚𝑚).

4

Figure 3: Simulation of GBSAR repositioning errors: (𝜙 = 𝜔 = 𝜅 = 0.3° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 = 5 𝑚𝑚) . (a)
Topography; (b) Repositioning phase errors; (c) Azimuth offsets; (d) Range offsets.

It is clear from Figures 3 that, although the repositioning errors are only at the level of several mm, the
resultant phase ramps and azimuth offsets are significant and cannot be neglected. Efforts must therefore be
made to mitigate the impacts of the repositioning errors between different campaigns. It has been reported that
such repositioning errors in discontinuous GBSAR can be addressed by a non-interferometric approach
(Crosetto et al., 2014b). However, non-interferometric measurement is not sensitive to surface movements and
the measurement inaccuracies can be at the level of a few dm (e.g. Caduff et al., 2015a; Crosetto et al., 2017).
Therefore, a new interferometric processing chain has been developed for discontinuous GBSAR deformation
monitoring. The proposed discontinuous GBSAR chain aims to measure deformation between two or more
campaigns, and is thus termed “MC-GBSAR” (Multi-Campaign GBSAR). Details of the methodology are
described in Section 2; experiments with both synthetic and real-world data are reported in Section 3; a
discussion is presented in Section 4 and conclusions are drawn in Section 5.

2 Methodology
2.1 Overview of methodology
In MC-GBSAR, temporal averaging is first carried out on a stack of single-look complex (SLC) images
in a single campaign in order to improve the signal-to-noise ratio and minimise the loss of coherence (Caduff
et al., 2015a; Iglesias et al., 2015b). Without loss of generality, this chain supports the processing of multicampaign GBSAR data both with and without repositioning errors. As illustrated in Figure 4, the main
difference between the two scenarios is that the presence of repositioning errors requires (i) co-registration of
GBSAR images and (ii) correction of repositioning errors. Adaptive estimation of coherence with respect to
interferograms is achieved using the non-local “MIAS” (Multi-temporal Interferometry based on Amplitude
Similarity) method presented in Wang et al. (2018b). Coherent pixels are selected for further analysis via the
full-rank criterion proposed in Wang et al. (2018a). The interferometric phase of the detected coherent pixels
is then de-noised using the non-local “MIAS” filter (Wang et al., 2018b). Thereafter, unwrapped phase of the
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detected coherent pixels can be achieved using 2D/3D phase unwrapping algorithms provided in Snaphu (Chen
and Zebker, 2002) or StaMPS (Hooper, 2010).

Figure 4: The MC-GBSAR processing procedure.

2.2 Automatic co-registration of GBSAR images
Co-registration in spaceborne and ground-based InSAR is often based on cross correlation (e.g. Crosetto
et al., 2014b; Hanssen, 2001; Hooper et al., 2007; Li and Bethel, 2008) or feature matching (e.g. Suri et al.,
2010; Wang and Zhu, 2015) of the amplitude images. Given that the GBSAR instrument may be rotated after
repositioning, an amplitude-based feature matching approach is developed for the automatic co-registration of
GBSAR images in this study, as feature matching tends to be invariant to image rotation (Bay et al., 2008).
The commonly used feature operators such as Harris corner points (Harris and Stephens, 1988) and speededup robust features (SURF) (Bay et al., 2008) are supported in MC-GBSAR. Before feature extraction,
oversampling is applied to the GBSAR images as it is able to avoid aliasing and improve the co-registration
accuracy (e.g. Li and Bethel, 2008; Sousa et al., 2011). To co-register the master and slave images, the slave
image is resampled to the master image coordinate system via a polynomial function, with an affine
transformation typically used for GBSAR co-registration (Crosetto et al., 2014b). An example of GBSAR coregistration is given in Figure 5.
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Figure 5: An example of co-registration between two GBSAR campaigns. (a), (b) The averaged amplitude image of
the first and the second campaign, respectively; (c) Feature matching of the two images; (d) Coherence without coregistration with an assumption of no repositioning error; (e) Interferogram without co-registration; (f) Amplitude cross
correlation without co-registration; (g) Coherence after co-registration; (h) Interferogram after co-registration; (i)
Amplitude cross correlation after co-registration.

As shown in Figure 5, the data was collected by a FastGBSAR system (Rödelsperger and Meta, 2014),
observing a cliff on the north side of Tynemouth Priory and Castle, Tynemouth, UK. Between the two
campaigns, the radar rail was deliberately moved approximately 15 cm backwards and slightly rotated with a
small unknown angle. The time difference between the two campaigns was 5 minutes 42 seconds and each
campaign consisted of 15 continuous images. The feature match between the two campaigns was achieved
based on Harris corner point operator with an accuracy of 0.19 pixels (i.e. root mean square (RMS) of the
image coordinate residuals for corresponding points between the master and slave images).
The coherence (5(d)) between the averaged images of the two campaigns suggests that they are
completely decorrelated without co-registration, and their interferogram (5(e)) is dominated by noise. After
co-registration, the coherence (5(g)) is significantly improved and the resultant phase error ramps are visible
(5(h)), suggesting the necessity of co-registration in the scenario with considerable repositioning errors. The
robustness of the co-registration is evidenced by comparing the amplitude cross correlations in Figures 5(f)
and 5(i).

2.3 Correction of geometric phase ramps
In spaceborne InSAR, the most widely used approach to correct for orbital ramps is to estimate a bestfit plane using a 1st-order polynomial function (e.g. Biggs et al., 2007; Shirzaei and Walter, 2011):
𝜑𝑔𝑒𝑜𝑚 (𝜂, 𝜉) = 𝛼0 + 𝛼1 𝜂 + 𝛼2 𝜉,

(2)
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where 𝛼𝑖 (𝑖 = 0,1,2) are coefficients; 𝜂 and 𝜉 are the range and azimuth in the radar image coordinate system,
respectively; 𝜑𝑔𝑒𝑜𝑚 is the geometric phase error at (𝜂, 𝜉). Given that the geometric phase ramps in GBSAR
resemble the orbital ramps in spaceborne InSAR, the best-fit plane model was firstly investigated in this study.
Specifically, three types of topography were simulated (Figure 6): flat, slope, and dome. Together with the
simulated topography, two sets of additional repositioning error parameters were investigated: (Errors − I ∶
𝜙 = 𝜔 = 𝜅 = 0.3° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 = 5 𝑚𝑚) and (Errors − II: 𝜙 = 𝜔 = 𝜅 = 1° , 𝑡𝑥 = 𝑡𝑦 = 𝑡𝑧 = 0.1 𝑚) .
As mentioned earlier, Errors-I represents the margin of repositioning errors in practice (with moderate effort
given to instrument installation), while Errors-II is a set of more considerable errors for comparison.

Figure 6: Three types of topography and their corresponding elevation maps in the GBSAR coordinate system.

8

Figure 7: Simulation and correction of geometric phase errors with respect to Errors-I.

Figure 8: Simulation and correction of geometric phase errors with respect to Errors-II.
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It is clear in the first columns of Figures 7 and 8 that both repositioning error sets lead to significant phase
ramps in all topography scenarios. To correct such errors, the conventional 1st-order correction model (in
Equation (2)) was firstly applied. The residual maps for the two error sets are given in the second columns of
Figures 7 and 8, respectively. The geometric phase errors were largely mitigated by the 1st-order model, but
there were obvious residuals remaining that were clearly correlated with the azimuth coordinate 𝜉. Therefore,
the correction model was raised to the 2nd-order of 𝜉 as follows:
𝜑𝑔𝑒𝑜𝑚 = 𝛼0 + 𝛼1 𝜂 + 𝛼2 𝜉+𝛼3 𝜉 2 .

(3)

The residual maps with respect to the 2nd-order model for the two error sets are shown in the third columns
of Figures 7 and 8, respectively. The RMS and maximum of residuals are summarised in Table 1. In all the
scenarios, the RMS and maximum of residuals from the 2nd-order correction model are much less than those
from the 1st-order correction model, suggesting the geometric phase correction with the 2 nd-order model
outperformed the 1st-order model. Therefore, the 2nd-order model was chosen to correct the geometric phase
error ramps in this study.
Table 1: Statistics of geometric error correction.
Type

Error

𝜑𝑔𝑒𝑜𝑚 = 𝑐0 + 𝑐1 𝜂 + 𝑐2 𝜉
RMS of residuals: Max of residuals:
rad (mm)
rad (mm)

𝜑𝑔𝑒𝑜𝑚 = 𝑐0 + 𝑐1 𝜂 + 𝑐2 𝜉+𝑐3 𝜉 2
RMS of residuals: Max of residuals:
rad (mm)
rad (mm)

Flat

I

0.32 (0.45)

0.91 (1.26)

0.05 (0.07)

0.30 (0.42)

Slope

I

0.37 (0.52)

1.00 (1.39)

0.04 (0.06)

0.24 (0.34)

Dome

I

0.36 (0.50)

1.18 (1.63)

0.14 (0.20)

0.55 (0.77)

Flat

II

6.46 (8.94)

18.27 (25.27)

0.95 (1.32)

6.28 (8.70)

Slope

II

7.52 (10.41)

20.12 (27.87)

0.79 (1.10)

5.02 (6.95)

Dome

II

7.23 (10.02)

23.54 (30.60)

2.87 (3.97)

11.10 (15.38)

In the simulation, the 2nd-order model was able to reduce the errors from ~-6.8 mm (the value was
converted from the unwrapped phase error) to ~-0.7 mm (the value was converted from the max of residuals
after geometric correction) for Errors-I, and from ~-137 mm to ~-15 mm for Errors-II in the dome area with a
100 m height variation. However, the residuals after correction are dependent to some extent on local
topography variations and even the 2nd-order model cannot completely remove the phase errors for areas with
local topography variations (Figures 7(i) and 8(i)). Additional efforts should be made to further correct the
systematic residuals due to topographic variation for accurate InSAR measurement.

2.4 Correction of topographic phase errors
The topographic phase (denoted as 𝜑𝑡𝑜𝑝𝑜 ) in InSAR is a function of the perpendicular spatial baseline 𝐵⊥
and the elevation 𝑧 along the axes defined by the antenna vertical motion, which can be approximated by the
linear term in GBSAR configuration (e.g. Noferini et al., 2007; Rödelsperger et al., 2010) as follows:
𝜑𝑡𝑜𝑝𝑜 =

4𝜋 𝐵⊥ 𝑧
.
𝜆 𝑟

(4)

where 𝑟 is the range to the target when the antenna is positioned at z = 0. According to Equation (4), the
removal of the topographic effect requires both an appropriate digital elevation model (DEM) and known
perpendicular spatial baseline. However, in practice the precise measurement of the position and orientation
of a GBSAR system (e.g. a FastGBSAR) is usually not achievable without significant technical effort. This
implies that the perpendicular spatial baseline is unknown.
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Therefore, this subsection focuses on the correction of the topographic effect without knowing the spatial
baseline. Due to the linear relationship between the elevation and the topographic phase in Equation (4), the
topographic correction mode in the case of an unknown spatial baseline can be written as:
𝑧
𝑟

𝜑𝑡𝑜𝑝𝑜 = 𝛼0 + 𝛼1 .

(5)

where 𝛼0 and 𝛼1 are coefficients of the linear topographic correction mode.
On the basis of such geometric correction, the topographic correction is further applied. The results before and
after topographic correction for the simulated three types of topography with respect to both Errors-I and
Errors-II are shown in Figures 9 and 10, respectively.

Figure 9: Topographic correction with respect to Errors-I.

Figure 10: Topographic correction with respect to Errors-II.

It is evident from Figures 9 and 10 that the topographic phase errors have been effectively removed for both
repositioning error sets in all topography scenarios. The statistics of topographic correction are summarized in
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Table 2. The feasibility of the proposed topographic correction approach can be straightforwardly
demonstrated by the efficient mitigation of both the RMS and Maximum of residuals for all the simulation
cases. It is worth noting that greater repositioning errors lead to greater residuals by comparing the residuals
of Errors-I and Errors-II in Table 2. Therefore, the repositioning of GBSAR instrument between different
campaigns should be as precise as possible.
Table 2: Statistics of topographic correction.
RMS of residuals: rad (mm)

Max of residuals: rad (mm)

Topographic
correction

Flat

Slope

Dome

Flat

Slope

Dome

I

Before

0.05 (0.07)

0.04 (0.06)

0.14 (0.20)

0.30 (0.42)

0.24 (0.34)

0.55 (0.77)

I

After

0.04 (0.06)

0.03 (0.05)

0.04 (0.06)

0.15 (0.21)

0.09 (0.13)

0.10 (0.14)

II

Before

0.95 (1.32)

0.79 (1.10)

2.87 (3.97)

6.28 (8.70)

5.02 (6.95)

11.1 (15.38)

II

After

0.86 (1.20)

0.72 (1.00)

0.89 (1.23)

3.08 (4.26)

1.91 (2.65)

2.10 (2.91)

Error

2.5 Combined correction of atmospheric, geometric, and topographic errors
2.5.1 Modelling approach
As reported by Iglesias et al. (2014), the model that considers stratification for atmospheric correction,
also termed the atmospheric phase screen (APS) correction, is a range- and height-dependent function:
𝜑𝑎𝑡𝑚 = 𝛽0 + 𝛽1 𝑟 + 𝛽2 𝑟𝑧.

(6)

The range 𝑟 is linear with 𝜂, i.e. 𝑟 = 𝜂Δ𝑟, where Δ𝑟 is the range resolution. Thus, Equations (3), (5) and (6)
can be combined to give Equation (7) and used to jointly correct for atmospheric, geometric and topographic
errors:
𝜑𝑎𝑡𝑚+𝑔𝑒𝑜𝑚+𝑡𝑜𝑝𝑜 = 𝑐0 + 𝑐1 𝑟 + 𝑐2 𝜉+𝑐3 𝜉 2 + 𝑐4 𝑟𝑧 + 𝑐5 𝑧/𝑟.

(7)

where 𝑐𝑖 (𝑖 = 0, ⋯ , 5) represents the model parameters that can be estimated using the unwrapped phase of a
set of highly-coherent pixels from stable areas. Thus, no additional meteorological measurements are required.
The stable areas can be identified through a-priori knowledge of the study site and visual inspection of
interferograms (Caduff et al., 2014). However, in some situations without sufficient knowledge, or if the
interferogram is dominated by atmospheric, geometric, and/or topographic phase errors, pixels carrying
deformation information may be selected for modelling. To mitigate the potential inaccuracies caused by these
pixels, this study employs an iteratively reweighted least squares (IRLS) algorithm to estimate the model
parameters (Green, 1984). The weight for any pixel in the first iteration is set as one and is subsequently
updated by its deviation to the model estimated in the previous iteration. A pixel with a large deviation will be
assigned a small weight in the next iteration and its contribution to the solution can be minimised.
2.5.2 Filtering approach
Apart from the modelling approach, the APS and repositioning errors can be mitigated by filtering as they
share low spatial frequency characteristics (Crosetto et al., 2014a, b). In this study, the filtering of low-frequent
phase errors refers to the approach proposed by Hooper et al. (2007), namely a band-pass filter combined with
a low-pass filter is applied in the frequency domain.
2.5.3 Simulation results
Synthetic data was used to validate the modelling and filtering approaches for the combined correction of
atmospheric, geometric and topographic errors. The simulation was based on the three types of topography
with the additional repositioning Errors-I. Surface displacements along the LOS direction were simulated as a
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diffuse deformation model within a circular area. The displacement reached the largest magnitude of -5 mm at
the centre and decreased gradually to zero at the margin of this area. Details of the APS simulation is given in
the Appendix. The dimensions of the simulated images was 999×313 pixels (i.e. 999 pixels in range and 313
in azimuth). Figure 11 displays the common displacement map and different APS maps for the three types of
topography.

Figure 11. Simulation of deformation and APS. (a) The common displacement map for all the three types of
topography; (b) APS map for flat topography; (c) APS map for slope topography; (d) APS map for dome topography.

Both the modelling and filtering approaches were used to remove APS and repositioning errors and then
extract the deformation signal. In the modelling approach, only one percent of points that were evenly
distributed in space and outside the deformation area were used to recover the model in Equation (5). In the
band-pass filtering approach, the interferometric phase (complex number) was firstly transformed from the
spatial domain to the frequency domain using a two-dimensional fast Fourier transform (2D FFT) with a typical
grid size of 64×64 cells. The intensity of the 2D FFT was then smoothed with a 7×7 Gaussian convolution
filter. Low-frequency errors were finally removed by a 5th-order Butterworth filter with a cut-off wavelength
of 100 cells. The results are shown in Figure 12 and the statistics of the displacement residuals are summarised
in Table 3.

Figure 12: Simulation and separation of deformation from APS and repositioning errors (Errors-I).
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Table 3: Statistics of separation of deformation from APS and repositioning errors.
Topography

Error
RMS of
displacement
residuals

Modelling
Max of
displacement
residuals

RMS of
displacement
residuals

Filtering
Max of
displacement
residuals

Flat

I

0.07 mm

0.27 mm

0.17 mm

1.78 mm

Slope

I

0.05 mm

0.14 mm

0.19 mm

1.83 mm

Dome

I

0.06 mm

0.19 mm

0.20 mm

1.97 mm

As shown in Figure 12, displacement residuals in the filtering approach for all three topography types are
much greater than those in the modelling approach, which is also evidenced in Table 3. Smaller residuals imply
better accuracy for surface displacements. Therefore, the modelling approach outperformed the filtering
method in the simulation. The maximum displacement residuals in the filtering method was 6.6 – 10.1 times
greater than that of the modelling approach.

3. Experimental results with real-world GBSAR data
To validate the proposed discontinuous GBSAR processing approach, experiments were conducted using
two real-world FastGBSAR datasets acquired in discontinuous mode. The first dataset was collected by
observing the southern hillside of Tynemouth Priory and Castle, Tynemouth, UK. Two campaigns were
performed at the same site. Each campaign consisted of 30 SLC images with a temporal resolution of 10
seconds and a spatial resolution of 0.75 m ×5 mrad. Concrete blocks were used as the FastGBSAR monitoring
station. The radar system was taken away from the concrete base after the first campaign and then repositioned
in the subsequent campaign. Simple marks were made onto the top of the concrete blocks in order to install
the radar precisely and minimise repositioning errors. The radar system and the observing hillside were
scanned using a Leica P40 laser scanner (https://leica-geosystems.com/en-gb/products/laserscanners/scanners/leica-scanstation-p40--p30). In this case, the topography was linked to GBSAR by
transferring the point cloud of the hillside to the GBSAR image coordinate system. An overview of the data
collection and the topography in this case study is illustrated in Figure 13.

Figure 13. Overview of the case study. (a) Deployment of the FastGBSAR system for the data collection; (b) Point
cloud of the radar system and the observing hillside; (c) Height in the GBSAR coordinate system; (d) A close-up of the
FastGBSAR and the laser scanner geometry, corresponding to the area in the red box of subfigure (b).
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This FastGBSAR dataset was processed with the MC-GBSAR chain using the modelling approach for
the combined correction of APS and repositioning errors. The temporally averaged image of the first campaign
was named as “145219” and that of the second was “165024”. The time difference between the two averaged
images was approximately two hours. Figure 14 shows the interferogram and coherence between the two
averaged images, as well as the estimated low-frequency errors (APS and repositioning errors) and
displacements. The results achieved by the procedure, both with and without co-registration processing, are
given for comparison purposes. Particularly, pixels with coherence ≥ 0.5 were selected for analysis. Phase
unwrapping was achieved by Snaphu (Chen and Zebker, 2002). Based on equation (7), 10% of coherent pixels
together with their unwrapped phase were used in the modelling for the combined correction of APS and
repositioning errors.

Figure 14. The results achieved by MC-GBSAR using the modelling approach for the correction of APS and
geometric errors.

As can be seen in Figure 14, the results with respect to the two situations are consistent with each other,
coherence is retained and no phase ramps can be seen from the interferograms, which means that the image
shift due to repositioning errors was not significant in this case. Finally, no significant deformation can be
detected in the hillside over the two hour observation period.
The second study site was the A83 trunk road at Rest and Be Thankful (RaBT), Scotland. This slope
experienced several landslips prior to GBSAR observation (BBC News, 2018a, b). The height difference of
the observed slope was approximately 400 m. Three campaigns of data collection were performed during the
period from 10th to 12th December 2018. The weather conditions varied dramatically on each of the three days.
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Between different campaigns, the GBSAR instrument was reinstalled onto the observation station, which
introduced repositioning errors, approximately at the mm level. In the experiment, each campaign consisted of
10 continuous images and was averaged in MC-GBSAR processing. Co-registration was not applied as no
significant image shifts were seen among the three campaigns. The processing parameters were the same as
that for the first study site. FastGBSAR observation of the slope under variable weather conditions and MCGBSAR results are depicted in Figure 15.

Figure 15. FastGBSAR observation of the RaBT study site in different weather conditions and MCGBSAR results of the three campaigns of discontinuous data.
As shown in Figure 15, APS and repositioning errors behaved as global phase ramps over the entire
interferograms and were removed through modelling. Based on the displacement maps from the MC-GBSAR
results, no significant deformation was detected on the slope.

4 Discussion
Experiments have been conducted using both synthetic and real-world GBSAR datasets in this study.
Both moderate and considerable repositioning errors have been investigated in experiments. Based on these
experiments, it is observed that greater repositioning errors lead to less reliable displacements. Therefore, in
any multi-epoch campaign, the installation of the GBSAR instrument should be replicated as precisely as
possible for accurate interferometric measurement. In other words, repositioning errors should be kept as small
as possible.
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To generalise the proposed approach to a radar with a different frequency band other than the Ku band,
the relationship between repositioning errors and radar bands were investigated. The repositioning errors, APS
and displacements adopted in Section 2.5.3 were kept the same but simulated with a C-band wavelength of
56.0 mm. The wrapped interferograms for both the Ku and C bands are given in Figure 16.

Figure 16. Ku-band and C-band interferograms containing the same displacements, APS, and repositioning errors
(Error-I and Error-II).

As shown in Figure 16, the C-band interferograms have a fewer number of fringes. This is because the
interferometric phase is inversely proportional to the band wavelength. With the same errors and deformation,
a longer wavelength results in fewer fringes on the interferograms. Moreover, the proposed modelling
approach was used to separate repositioning errors and APS from deformation. The obtained result (i.e. the
RMS of displacement residuals) for the C band was the same as that for the Ku band. The simulation was made
without additional decorrelation noises. The result suggests that the deformation measurement is independent
of radar bands in the ideal case. However, it is worth noting that a shorter-wavelength band is more prone to
decorrelation and unwrapping errors (Xu et al., 2016), while a longer-wavelength produces more coherent
interferograms but provides fewer deformation details in time and space (Luo et al., 2014). Therefore, the
deformation measurement using different bands may vary in different situations. Based on the findings, the
results are dependent on the magnitude of the repositioning errors regardless of whether the errors are bandnormalised or not. To achieve more reliable results, precise installation of the radar instrument is highly
recommended.
The proposed MC-GBSAR chain offers two approaches for the correction of APS and repositioning errors,
either through modelling or filtering. The modelling approach produced better results than filtering, based on
the synthetic data results in this study. In addition, highly-coherent pixels from unstable areas carrying
unknown displacements may be selected for modelling, which can lead to a biased estimation of APS and
repositioning errors. To mitigate the inaccuracies contributed by these pixels, an IRLS algorithm has been
implemented. The IRLS estimation is an iterative process: the more that a pixel deviates from the estimated
model, the smaller its weight will be in the following iteration. Thus, the weight for a pixel that is carrying
deformation but accidentally selected for modelling will decrease gradually in the ILRS estimation. An
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analysis was conducted based on the synthetic data together with repositioning Errors-I. One percent of pixels
were used to estimate the model for the correction of APS and geometric errors, these pixels were evenly
distributed in space (including the deformation area). Some pixels were thus selected from the deformation
area. Figure 17 shows the RMS and maximum of displacement residuals decreasing with the number of
iterations, which converges after a very limited number of iterations. This suggests the feasibility of the IRLS
estimation for modelling in the presence of some pixels that are selected from unstable areas.

Figure 17: The RMS and maximum of displacement residuals for the synthetic data together with additional
repositioning Errors-I.

Finally, it is worth mentioning that the proposed model for the combined correction of repositioning errors
and APS assumes no significant atmospheric turbulences in the small observing range up to a few kilometres.
The model may be inadequate in a situation with strong atmospheric turbulence and temporal fluctuations
(Barucci et al., 2010). In that case, the filtering approach introduced in Section 2.5.2 and the approaches
exploiting both the spatial and temporal behaviours of APS (Baffelli et al., 2018) can be used.

5. Conclusion
This paper has reported a new interferometric processing chain, MC-GBSAR, that has been developed
for discontinuous GBSAR deformation monitoring. Automatic co-registration of GBSAR images has been
implemented through the feature matching of amplitude images and integrated into this processing procedure.
A sub-pixel co-registration precision can be achieved. The additional phase component due to repositioning
errors was further identified as geometric and topographic phase errors. The geometric phase error ramps have
been removed by recovering a 2nd-order polynomial function of the range and azimuth image coordinates.
Topographic phase errors can be corrected in the case of unknown spatial baselines. The approach therefore
overcomes the practical difficulty of measuring the position and orientation of a linear GBSAR system.
A new model has been proposed for the joint correction of atmospheric, geometric and topographic phase
errors in a single step. Simulations have shown that the proposed model outperforms the traditional filtering
approach. The maximum displacement residual of the filtering was 6.6 – 10.1 times greater than that of the
proposed model over different types of topography.
Experiments using both synthetic and real-world GBSAR data have demonstrated the feasibility of the
proposed MC-GBSAR chain for measuring deformation between discontinuous campaigns. In addition,
advanced InSAR algorithms (including the non-local “MIAS” method (Wang et al., 2018b) for coherence
estimation and phase filtering, and the selection of (partially) coherent pixels (Wang et al., 2018a)) have been
integrated into the MC-GBSAR chain, creating a unique and complementary tool to continuous GBSAR for a
comprehensive GBSAR interferometry processing framework. MC-GBSAR, together with continuous
GBSAR, facilitates a range of engineering and environmental deformation monitoring applications to which
GBSAR is potentially suited. It is worth highlighting that zero-baseline geometry is strongly recommended
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during data collection as it ensures the optimal performance of GBSAR interferometry. In cases where the
zero-baseline cannot be achieved, moderate technical effort is still encouraged to minimise repositioning errors
as much as possible for deformation monitoring purposes.

Acknowledgements
This research was supported by a China Scholarship Council (CSC) studentship (No. 201506270153)
held by Zheng Wang at Newcastle University, UK. Special gratitude goes to The Henry Lester Trust and the
Great Britain-China Educational Trust (GBCET) for their financial support to Zheng Wang in his writing-up
year. The work was also supported by the National Environment Research Council (NERC) through the 2014
Strategic Environmental Science Capital Investment (ref. CC049), the Centre for the Observation and
Modelling of Earthquakes, Volcanoes and Tectonics (COMET, ref.: come30001), the LiCS project (ref.
NE/K010794/1), by European Space Agency through the ESA-MOST DRAGON-4 project (ref. 32244), by
the National Science Foundation of China (ref. 41877283 and ref. 41474014), and by the Hunan Province Key
Laboratory of Coal Resources Clean-Utilization and Mine Environment Protection, Hunan University of
Science and Technology (ref. E21608 and ref. E21802).

Appendix: Simulation of atmospheric stratification
Atmospheric phase contribution in InSAR can be attributed to the variation of the refractivity which
depends on atmosphere parameters such as pressure, temperature and relative humidity (Iannini and Guarnieri,
2011; Iglesias et al., 2014; Pipia et al., 2008). It is well known that the pressure through the Earth’s atmosphere
declines exponentially with altitude (McIlveen, 1991) and the temperature decreases with altitude by the
environmental lapse rate, of which the average is defined as 6.49 K/km from sea level to 11 km (International
Civil Aviation Organization, 2002). Unlike the atmospheric temperature and pressure, the relative humidity is
diverse in different cases, but it typically decreases with altitude in the clear day (Folkins et al., 2006; Schmetz
et al., 1995). The relative humidity is thus assumed to be linear with altitude in this simulation for simplicity.
The aforementioned characteristics with respect to atmosphere parameters are summarised in Equation (A.1).
𝑃 = 𝑃(𝑧) = 𝑃0 exp (−

𝑧−𝑧0

),
𝐻
{𝑇 = 𝑇(𝑧) = 𝑇 − 6.49(𝑧 − 𝑧 )/1,000,
0
0
𝑅𝐻 = 𝑅𝐻(𝑧) = 𝑅𝐻0 + 𝑘(𝑧 − 𝑧0 ),

(A.1)

where 𝑃0 , 𝑇0 , 𝑅𝐻0 are the observations at the reference elevation 𝑧0 for pressure 𝑃 (in mbar or hPa),
temperature 𝑇 (in Kelvin) and relative humidity 𝑅𝐻 (in percentage), respectively; 𝐻 is the so-called scale
height; k is the changing rate of relative humidity with elevation.
In the simulation, the scale height 𝐻 was an constant as 7000 m and the reference elevation 𝑧0 was at zero,
GBSAR wavelength λ was 17.4 mm. The weather observations at the reference elevation for two epochs 𝑡1
and 𝑡2 were: 𝑃0 𝑡 = 1013 mbar, 𝑇0 𝑡 = 293.15 K (20 °C), 𝑅𝐻0 𝑡 =70%; 𝑃0 𝑡 = 1013 mbar, 𝑇0 𝑡 = 288.15 K
1

1

1

2

2

(15 °C, 𝑅𝐻0 𝑡 =75%). The changing rate of relative humidity with elevation was 𝑘𝑡1 = 𝑘𝑡2 =5%.
2
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